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Abstract
Lasers are used to choose the binding energies of highly excited positronium atoms (Ps∗) created via charge exchange
collisions. The lasers directly excite cesium (Cs) atoms to highly excited states (Cs∗). These large Cs∗ atoms have a large cross
section for resonant charge exchange collisions with trapped positrons. Highly excited Ps∗ is formed with a binding energy that
is determined by the initial laser excitation. These Ps∗ should have a large cross section for resonant charge exchange collisions
with trapped antiprotons—suggesting a possible new way to produce cold antihydrogen.
 2004 Published by Elsevier B.V. Open access under CC BY license.The formation of a cold antihydrogen (H¯) atom,
from an antiproton (p¯) and a positron (e+), requires the
participation of a third body for energy and momen-
tum to be conserved. To achieve the long term goal of
forming cold H¯ for trapping and spectroscopy [1] sev-
eral such formation mechanisms have been proposed
[2–6]. For a charge exchange collision of a positron-
ium (Ps) and a trapped antiproton, Ps + p¯ → H¯ + e−
[2], the electron is the needed third body. The counter-
part process in which a proton (p) is substituted for a
p¯ has been used to produce hydrogen instead of H¯ [7].
However, the observed rate was slow and many fewer
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Open access under CC BY licenp¯ than p are available so no attempt has been made to
form H¯ by this method. The cross section and rate for
H¯ formation from collisions of p¯ with highly excited
Rydberg Ps would be very much larger. Ps production
by laser excitation was thus proposed [4] but never re-
alized.
This Letter reports a demonstration of a promising
alternative—producing Rydberg Ps∗ with a resonant
charge exchange collision,
(1)Cs∗ + e+ → Ps∗ + Cs+,
of trapped e+ and Rydberg Cs∗ atoms. The cross sec-
tion for such collisions has been calculated [6], but
without including the crucial role of the strong mag-
netic field needed to trap e+. In our demonstration, these.
258 A. Speck et al. / Physics Letters B 597 (2004) 257–262Fig. 1. Trap electrodes, Cs beam and particle locations for producing Ps∗ via charge exchange collisions of Cs∗ and trapped e+.Cs∗ is excited from the Cs ground state with infrared
diode-laser photons and green copper-vapor-laser pho-
tons. The Ps∗ formed is field ionized; the freed e+ is
captured and then counted. Substantial numbers of Ps∗
are produced in this demonstation, and a hundred-fold
increase should be possible with a larger but manage-
able radioactive source. Producing antihydrogen by a
second charge exchange between the Ps∗ created in
this way and nearby trapped antiprotons (p¯) could then
be a feasible and important alternative to H¯ production
in a nested Penning trap [3] during the e+ cooling of
p¯ [8]—the only method used to produce slow H¯ so far
[9–11].
The central part of the apparatus (Figs. 1 and 2(a))
is a series of cylindrical ring electrodes with a 1.2
cm interior diameter, with a strong magnetic field
(B = 4.9 tesla) directed along its axis. Voltages ap-
plied to the electrodes shape potential wells (Fig. 2(c))
that confine and manipulate trapped particles. Essen-
tially identical electrodes and their 4.2 K vacuum en-
closure have been described elsewhere since a very
similar apparatus was used to make background-free
observations of slow antihydrogen [10] and to probe
its internal structure [11]. The elaborate electrode that
allows a Cs beam to be sent through the trap dif-
fers in its interior only by the addition of two 1 mm
holes.
The e+ accumulation method (described elsewhere
[12]) involves slowing e+ in tungsten crystals, produc-ing Rydberg positronium, and ionizing this positron-
ium to capture the e+. The e+ originate in a 1 mCi
22Na source—a strength that can be easily handled in
a university laboratory with the appropriate precau-
tions. For this demonstration, time limitations and the
condition of our tungsten crystals limited us to accu-
mulating about 2 × 105e+ for each measurement at a
rate of about 4/(s mCi). The e+ radiate synchrotron
radiation to come into thermal equilibrium with their
4.2 K environment. After the e+ are initially accumu-
lated they are transferred to the e+ location labeled in
Figs. 1 and 2(a).
The number of e+ is deduced to within a few per-
cent relative accuracy, and to better than 10% absolute
accuracy, from the measured width of the notch that
they produce in the noise-driven resonance of an at-
tached LCR circuit [13]. The unavoidable length of
our electrical leads limits our sensitivity to about 10 e+
here. The density and geometry of e+ and p¯ plasmas
have been previously studied using an aperture method
[14]. Based on these studies we estimate that the e+
plasma is spheroidal (i.e., an ellipsoid with axial sym-
metry about the z axis) with an axial extent of 0.8 mm,
a diameter of 6.4 mm, and a density of 1.4 ×107/cm3.
A Cs beam travels through the trap perpendicular
to the magnetic field B zˆ and to the symmetry axis of
the trap, zˆ, entering the trap through a 0.3 mm aper-
ture in the first 1 mm hole, mentioned, and leaving the
trap through the other 1 mm hole. The Cs comes from
A. Speck et al. / Physics Letters B 597 (2004) 257–262 259Fig. 2. Cross section of cylindrical ring electrodes (a). Potentials applied to the electrodes produce a potential well that confines e+ at the
center, along with upper and lower detection traps in which Ps∗ are ionized and detected. The on-axis electric field is shown in (b) and the
corresponding on-axis potential is in (c). Dotted drop lines identify the minimum and maximum electric fields on the axis within the detection
wells.a small volume (∼ 5 mm3) oven when it is heated to
about 317 K. Careful thermal isolation of this oven,
heat sinking, and thermal shielding made it possible
to keep this electrode, originally at 4.2 K, from heat-
ing above 5.5 K during the 20 minutes in which heat
is typically applied to the oven. About 95% of the bal-
listic Cs trajectories from the oven that enter the trap
through the 0.3 mm aperture leave the trap through the
1 mm hole on the other side of the trap. It is important
to avoid Cs deposits on inner electrode surfaces.
Between the oven and the first aperture the Cs
atoms are excited from 6S1/2 to 6P3/2 by approxi-
mately 8 mW of infrared 852 nm diode laser light.
The light enters the vacuum enclosure for the trap
through a 1 mm diameter optical fiber, illuminates Cs
atoms traveling toward the trap, reflects from a spher-
ical mirror, and then illuminates the atoms again, so
that the two light passes illuminate about 5.8 mm of
Cs trajectory. The 6P3/2 lifetime is 30 ns and the
saturation intensity is 2.7 mW/cm2. We should be
saturating this transition despite the frequency mod-
ulation used to keep the laser on resonance (avoid-
able in the future), with a bit more than 35% of the
atoms estimated to be excited to 6P3/2. Fluorescence
detected with a Si photodiode that views the illumi-
nation region simultaneously confirms resonance with
the Cs.To excite the Cs from 6P3/2 to a high Rydberg or-
bit, green light at 511 nm from a copper vapor laser
is sent to the Cs using the same fiber and mirror. The
20 ns pulses with a peak power of 750 W repeat every
50 µs to provide an average power of 300 mW—a sig-
nificant heat load on our cryogenic system. Half of the
Cs atoms traveling at the average speed of a 317 K
thermal distribution would see a green laser pulse as
they traverse the illumination region. The 37D state
(lifetime ∼ 38 µs) would be excited if there was no
magnetic field present, but the 1 W/cm2 illuminat-
ing the Cs is estimated to be far less than needed to
saturate the transition. The magnetic field mixes so
many different states and principle quantum numbers
that the states in the field are difficult to calculate. The
number of Cs∗ passing through the trap is thus empiri-
cally maximized by tuning the Cs into resonance with
our fixed frequency green laser, by varying an electric
field that is perpendicular to the Cs path toward the
trap and to the light propagation direction.
The number of excited Cs∗ is measured directly
by field ionizing them after they exit the trap. Fig. 3
shows the ion current (positive) and the electron cur-
rent (negative) collected on one of the field ionization
plates of Fig. 1 for a high ∼ 340 K oven temperature.
The current increases when the ionizing electric field
magnitude increases above about 100 V/cm and then
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ing through the trap. The measurements are consistent with (but do
not establish) a simple antisymmetric curve that would be expected
to describe a current that increases when the electric field becomes
strong enough to ionize Cs∗ atoms and saturates at fields strong
enough to ionize all of the Cs∗ .
saturates. This is consistent with the expected field
ionization of Cs∗ with large radii, and similar to what
was observed in tests with no magnetic field and at
0.4 tesla, though the uncertainties are large enough
that the curve to aid the eye in Fig. 3 is not deter-
mined to a high confidence level. The current changes
very little when the infrared laser power is changed,
confirming saturation of the 6P3/2 state. The current
changes in proportion to the intensity of the green laser
confirming that the saturation has not been reached for
excitation to a highly excite state.
The 6P3/2 to 6S1/2 fluorescence detected with the
photodiode is proportional to the Cs∗ ionization cur-
rent. For producing Rydberg Ps∗, the oven temperature
is reduced to about 317 K to reduce the Rydberg Cs∗
ionization current by about a factor of 50. This factor
is determined from the calibrated 6P3/2 fluorescence
since the ionization current becomes too small to mea-
sure directly. About 6 × 103 Cs∗/s then pass though
the trap.
Excited Ps∗ is formed when the e− from a Ryd-
berg Cs∗ is captured by a trapped e+. The Ps∗ formed
in this resonant charge exchange collision will have
approximately the same binding energy as did the Ry-
dberg Cs∗—a binding energy determined by the laser
frequencies. We detect only excited Ps∗ atoms that en-
ter the detection wells to either side (Figs. 1 and 2(a)),
which have a combined solid angle of only about
4π/32. The Ps∗ entering the detection wells are ion-
ized if the electric field is strong enough. The e+ from
the ionized Ps∗ is captured if it sees a confining po-tential at the ionization point. The number of ionized
Ps∗ can thus be counted as were the initially trapped
e+ from the notch that the captured e+ produce in a
noise-driven LCR resonance [13].
Illustrative potentials (solid curve) and electric
fields (dashed curve) on the axis of the trap are shown
in Fig. 2(b). For a e+ from an ionized Ps∗ to be cap-
tured in one of the detection wells, an electric field
between the minimum and maximum value present
in the trap well must ionize the Ps∗, as illustrated by
the dotted drop lines for Ps∗ traveling along the trap
axis. For example, a Ps∗ traveling along the trap axis
into the upper detection well (right in Fig. 2) will have
its e+ trapped if it ionizes when the field is between
35 and 400 V/cm. The e+ from a Ps∗ that ionizes
at a field lower than this range will not be trapped.
A Ps∗ that ionizes only at a field higher than this range
will not be ionized at all. Similarly, a Ps∗ traveling
along the trap axis into the lower detection well (left in
Fig. 2) will have its e+ trapped only if it ionizes when
the field is between 290 and 400 V/cm. These exam-
ples illustrate how lowering one side of the potential
well with respect to the other changes the minimum
ionizing electric field that will deposit a e+ in a detec-
tion well. To ensure that any stray low energy e+ and
contaminant positive ions are not captured, the poten-
tial to one side of each of the two detection wells in
Fig. 2 is lower than the potential of the opposite side,
though one must look closely to see the small offset
potential symmetry for the upper detection trap.
The maximum axial ionization field in the detection
wells is 400 V/cm or greater—large enough to ion-
ize the Ps∗ formed by resonant charge exchange. The
minimum axial ionization field in the detection wells
is varied by changing the asymmetry of the detection
wells, to probe the Ps∗ states that are produced. The
electric fields and potentials for all possible Ps∗ trajec-
tories from the initial positron plasma to the detection
wells are important since the potentials and fields are
also a function of radial position.
Fig. 4 shows a Ps∗ field ionization spectrum as a
function of the minimum axial electric field within
the potential well of the detection trap. The number
of detected Ps∗ does not change as this minimum
ionization field is initially increased from zero. The
number declines as the minimum field within the de-
tection well is raised further. No Ps∗ are ionized and
detected when the minimum field approaches the max-
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in the detection well. The dotted curves are the spectra obtained by
averaging over all possible ballistic Ps∗ trajectories to the detection
traps for Ps∗ atoms which ionize at the electric fields indicated by
the labels.
imum field within the well. When the infrared laser
is detuned just off resonance no Ps∗ is detected (dia-
monds in Fig. 4), as expected. The dotted lines show
calculated spectra expected for Ps∗ which ionize at the
particular ionization fields indicated, averaged over all
possible trajectories from the e+ plasma (6.4 mm in
diameter) to the detection well (10 mm in diameter).
The spectrum shape indicates that the Ps∗ ionize for
electric fields between 100 and 400 V/cm. The small
plateau near 250 V/cm may indicate that there are two
separate Ps∗ populations which ionize at different field
strengths. The vertical scale to the right in Fig. 4 gives
some idea of the number of e+ forming Ps∗ in a typical
measurement.
The fraction of trapped e+ that form Rydberg Ps∗
and are detected increases with the number of Rydberg
Cs∗ that passes through them to a saturation value of
about 0.8%, as shown in Fig. 5. This asymptotic value
is about 4 times smaller than what would be expected
if all the trapped e+ formed an isotropic Ps∗ distribu-
tion.
This reduction is possibly related to the number of
ground state Cs atoms passing through the trapped e+
compared to the Cs∗, a ratio that we estimate from
the measured fluorescence and the Cs∗ ionization cur-
rent to be between 103 and 104. Alternatively, it may
signal an unexpected, non-isotropic Ps∗ distribution.
The rate for producing ground state Ps [15], which we
would not detect, is too small to account for an appre-
ciable fraction of the reduction. It should be possible
to check if some of the factor of four is recovered if
the relative fraction of Cs∗ compared to ground state
Cs is increased. Currently the infrared laser excitesFig. 5. Ps∗ production as a function of Cs∗ beam duration shows
a 35 second time constant for 6000 Rydberg Cs∗ atoms/second.
The uncertainties represent average measurement reproducibility.
No Ps∗ is produced and detected when the infrared laser is detuned
just off resonance.
only one of the 16 Zeeman hyperfine sublevels of the
6S1/2 ground state, for example, so exciting more of
these levels with additional infrared lasers could sig-
nificantly increase the fraction of Cs∗ passing through
the trapped e+. Increased green laser power would
yield more Ps∗ but at the expense of increasing the
heat load on the cryogenic system.
The number of detected Ps∗ increases as an ex-
ponentially function of the time that the Cs∗ pass
through the trapped e+, with a 35 second time constant
(Fig. 5). The initial slope in the exponential corre-
sponds to a cross section of 8(3)×10−10 cm2, which is
nearly ten million times bigger than a Bohr cross sec-
tion. Interestingly, this cross section is not so far from
the σ = 1.5 × 10−9 cm2 calculated for no magnetic
field, despite the fact that the strong field is expected
to couple center-of-mass and internal orbits, and make
chaotic internal orbits [17].
The strong magnetic field, an essential element of
the e+ trap, complicates this experiment and its theo-
retical interpretation in several ways. We have already
discussed how we empirically vary an electric field to
tune a Rydberg Cs∗ state into resonance with a fixed
frequency laser, for example, without knowing which
Cs∗ states we excite because these states have not been
calculated. The internal orbits of the Rydberg atoms
formed are significantly modified by the field (e.g.,
[16]) since the magnetic force can be comparable or
greater than the Coulomb force, depending upon the
size of the atoms. In fact, the binding energies of Ry-
dberg atoms moving across a strong magnetic field
are not even conserved, but are instead coupled to the
center of mass energy of the atoms [17]. A theory of
this charge exchange process done without a magnetic
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a formation calculation that includes the crucial role of
the magnetic field is needed.
This laser-controlled Ps∗ production mechanism
may yield enough Ps∗ to produce detectable amounts
of antihydrogen atoms. With 5 million 4.2 K e+ ac-
cumulated from a larger radioactive source (as was
used for H¯ measurements [18]), about 6 × 105 Ryd-
berg Ps∗ atoms from an isotropic distribution should
be detected in a detection well that is a realizable
0.5 cm from the center of the e+ trap. Filling such a
well with 1 × 106 p¯ should result in the production
about 250 H¯∗ atoms, nearly 50 of which we should
detect in a detection well that is centered 1.3 cm away
from the center of the p¯ well, if the cross section for
charge exchange collisions of the Ps∗ and trapped p¯
is also similar to what was calculated neglecting the
strong field that produces chaotic orbits [6]. It should
be possible to reliably detect this small number of
H¯∗ using the background free ATRAP field ioniza-
tion method [10]. Of course, when the Cs beam is on
it seems likely that the background pressure will rise
above the 5×10−17 Torr background pressure demon-
strated earlier [19]. It must thus be demonstrated that
sufficient trapped p¯ survive for H¯ production.
In conclusion, laser-controlled resonant charge ex-
change collisions of highly excited Cs∗ atoms with
trapped e+ produce highly excited Ps∗ atoms—the
binding energy of which is determined by the laser
frequencies. With the use of a larger source of e+, col-
lisions of the excited Ps∗ with cold, trapped p¯ should
produce detectable amounts of H¯ whose binding en-
ergy is also determined by these laser frequencies. The
excited and long lived Ps∗ should charge exchange ef-
ficiently with the trapped p¯, with a large cross section,
because of the large size of the excited Ps. H¯ with the
lowest possible center-of-mass energy should be pro-
duced (lower than the only such H¯ energy measured
so far [20]) because the less massive Ps∗ can transfer
very little energy to the p¯ as the H¯ forms.
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